The experiment was conducted to assess the effects of nitrogen (N) rate and time of application on N use efficiency (NUE) of bread wheat, and their association with grain yield and protein content. Factorial combinations of four N levels, two bread wheat varieties and three timings of N applications were laid out in a randomized complete block design. N rate significantly influenced grain yield, protein content, N uptake efficiency, N biomass production efficiency, N utilization efficiency, N use efficiency for grain and N use efficiency for protein yield. Time of N application had highly significant effect on grain yield, protein content and NUE traits. Rate of N application and variety were significantly interacted to influence grain yield. Grain yield for Madda Walabu found sharply increase with each increase in N application rate. The improved variety provided significantly higher grain yield, N utilization efficiency and N use efficiency for grain yield (NUEGY) when N was applied 1/4 at planting, 1/2 at mid-tillering, and 1/4 at anthesis. Variations in NUEGY were explained more by the variations in N uptake efficiency. Harvest index contribution to NUEGY was higher for the local variety. Although NUE significantly decreased with increasing N rates, yield response of the varieties did not plateau out.
Introduction
Wheat is one of the most important cereal crops globally and is a staple food for about one third of the world's population (Hussain et al., 2002) . In Ethiopia, it is grown annually on 1.68 million ha with a total production of 3.08 million tons which makes the country the largest wheat producer in sub-Saharan Africa (CSA, 2010) . Wheat provides more protein than any other cereal crops (Iqtidar et al., 2006) . However, the global challenge for wheat nutrition is to increase grain yield while maintaining its protein (Tilman et al., 2002) . Wheat yield and end-use quality depend upon the environment, genotype, and their interactions. Low soil fertility, especially nitrogen (N) deficiency, is one of the major constraints limiting wheat production in Ethiopian Highlands (Tanner et al., 1993; Teklu and Hailemariam, 2009 ). Thus, increased usage of N fertilizer is considered to be a primary means of increasing wheat grain yield and protein content in these areas.
High levels of N supply results in a higher protein content, but increased efficiency of utilization is realized when concentration in the kernels increases and grain yield remains stable (Ortiz-Monasterio et al., 1997) . Reports have shown that about 50% of applied N fertilizer remains unavailable to a crop due to N losses (Zafar and Muhammad, 2007) . Legg and Meisinger (1982) also reported that not more than 50 to 60% of applied N is usually recovered under average field conditions, and efficient timing and placement of N could increase recovery of applied N up to 70 or to 80 %. In Ethiopia, erratic seasonal rainfall, inadequate availability of other nutrients, nitrate leaching during the short but heavy rainy seasons, ammonia volatilization and continuous removal in the cereal monocropping systems of the highlands may be the major factors that result in inefficient use of N fertilizer.
Proper N application timing and rates are critical for meeting crop needs, and indicate considerable opportunities for improving N use efficiency (NUE) (Dhugga and Waines, 1989; Blankenau et al., 2002) . Growth stage of plants at the time of application determines NUE. Reports have shown that split N application in the later stages was effective in attaining higher N uptake efficiency (Kumari et al., 2000; Ashraf and Azam, 1998) . NUE, grain yield produced per unit of N supply, is a complex trait comprising N uptake efficiency (NUPE) and N utilization efficiency (NUTE) (Moll et al., 1982; Ortiz-Monastero et al., 1997) .
NUPE reflects the ability of the plants in obtaining N, while NUTE reflects the efficiency with which the crop utilizes N in the plant for the synthesis of grain yield. Tran and Tremblay (2000) reported that wheat NUPE was lower in the early applications at planting and tillering than application in the later crop growth stage. The amount of economic yield, therefore, increased by increasing NUPE and NUTE through efficient N application that decreases N losses from the soil-plant system (Muurinen, 2007) .
Cultivars can differ in NUE as a result of differences in the absorption of nitrate (Rodgers and Barneix, 1988) and N remobilization (Van Sanford and MacKown, 1986) . However, improved varieties are often developed without considering their ability to grow and yield under low soil nutrient status, and have been selected for high yields under high nutrient input conditions (Wissum et al., 2009 ). Feil (1992 indicated that varieties producing large amounts of biomass seemed to have more NUPE, which could decrease NUTE thereby also decreasing total NUE of modern varieties. Genetic variation highly influences NUTE (Singh and Arora, 2001) , which particularly depends on harvest index (HI) and N biomass pro-Nitrogen use efficiency of bread wheat: Effects of nitrogen rate and time of application duction efficiency (NBPE) (Ortiz-Monasterio et al., 1997) . However, selection for higher HI may reduce the N storage capacity of the grain, since reduction in protein has been associated with high NUTE (Ortiz-Monasterio et al., 1997; Feil, 1997) . On the other hand, reports have shown that NBPE has remained more or less unchanged during genetic improvement (Ortiz-Monasterio et al., 1997) .
In Ethiopia, wheat is grown during the high rain- 
Materials and Methods

Description of the experimental site
The experiment was conducted at Adaba (located at 
Treatments and experimental design
The treatments consisted of four levels of nitrogen (30, 60, 90 and 120 kg N ha -1 ), two bread wheat varieties and three timings of N application. The two bread wheat varieties [(Madda Walabu (HAR-1480) and Hollandi (local)] were selected based on differences in their morphological characteristics and yield potential. Madda Walabu is a CIMMYT origin semidwarf improved variety while Hollandi is a local variety which is also used for crossing in the breeding programme. Madda Walabu is high yielding, well adapted and widely grown in the area both by smallholder farmers and large scale commercial producers.
The timings of N application were adjusted according to Zadoks decimal growth stage for wheat (Zadoks et al., 1974) at the time when moisture is available for nutrient dissolution and absorption. Accordingly, the timings were adjusted as: T 1 = 1/2 dose at planting and 1/2 dose at mid-tillering, T 2 = 1/4 dose at planting, 1/2 dose at mid-tillering and 1/4 dose at anthesis and T 3 = 1/3 dose at planting, 1/3 dose at mid-tillering and 1/3 dose at anthesis. Two additional treatments of 0 kg N ha -1 (controls), one for each variety, were included for the determination of NUE traits.
Consequently, the experiment was laid out in ran- ) were used for data measurements.
Experimental procedures Field activities and treatment application
All field activities were carried out following the standard production practices. Seeds were sown by uniformly drilling in to rows at the recommended rate of 150 kg ha
. N fertilizer in the form of urea (46% N) and phosphate fertilizer in the form of triple super phosphate (TSP) (46% P 2 O 5 ) were used for the study. Phosphate fertilizer at the recommended rate of 46 kg P 2 O 5 ha -1 was applied equally to all plots by surface broadcasting and mixing with the soil at planting. Similarly, for the N application at planting urea was broadcasted and incorporated into the soil. The second and third N fertilizer applications as dry urea were done by top-dressing at the specified Zadoks growth stages. All broad leaf and grass weeds were removed by hand weeding. Additionally, weeding of late-emerging weeds was done to avoid competition with the crop plants for applied N. In order to avoid damage and variability due to outbreak of rust disease which often occur in the area, fungicide (Tilt 250 EC) was applied at the rate of 0.5 L ha -1 immediately at the start of disease appearance.
Soil sampling and analysis
One composite soil sample per replication, each made from five sub-samples, was collected from the depth of 0-30 cm before planting. The samples were airdried, ground using a pestle and a mortar and allowed to pass through a 2 mm sieve. The samples were analyzed for selected physico-chemical properties mainly organic carbon, total N, soil pH, available phosphorus (P), cation exchange capacity (CEC) and textural analysis using standard laboratory procedures.
Organic carbon content was determined by the volumetric method (Walkley and Black, 1934) (Jackson, 1962) . The pH of the soil was determined according to FAO (2008) (Chapman, 1965) . Available P was extracted by the Olsen method, and P analysed with a spectrophotometer (Olsen et al., 1954) . Particle size distribution was done by hydrometer method according to FAO (2008) . 
Straw nitrogen and grain protein analysis
Statistical analysis
Analysis of the contributions of component traits to the resultant NUE trait were carried out as presented by Moll et al. (1982) and Dhugga and Waines (1989) .
If Y n is the log of a resultant trait and X 1n , X 2n , X 3n , X 4n the logs of component traits at the n th N level, then taking logarithms of these expressions yields the following identities: cording to an expanded model of Moll et al. (1982) and Ortiz-Monasterio et al. (1997) . The soil sample had marginal available P (13.26 ppm) which indicates that some P fertilizer is required for optimum crop growth and yield (FAO, 2008) . The soil reaction of the experimental site was nearly neutral (pH = 6.9). According to FAO (2008) suitable pH for most crops is between 6.5 and 7.5
Results and discussion
Soil physico-chemical properties
where N availability is optimum.Percent organic carbon content of the soil was 2.17%. The result showed that, according to Roy et al. (2006) , the soil had low organic matter content (3.74%) indicat- indicating that the nutrient may be a limiting factor for wheat production in the area.
Effects of nitrogen rate and time of application on grain yield
Grain yield was significantly influenced by the main Where, P, MT and A indicate N application at planting, mid-tillering and anthesis, respectively; NS = non-significant; CD = critical difference. Variable means followed by the same letters are not significantly different et al., 2000) contributing to lower yield of the crop. Perhaps a higher rate applied once would be wasted resulting in low economic benefits.
Effects of nitrogen rate and time of application on grain protein content
Grain protein content was found to be significantly influenced by N application rate, variety, N time of application and variety interaction with N time of application. However, the varieties did not differ in grain protein content under different N rates as variety interaction with N rate was non-significant.
Grain protein content under different N application rates ranged from 12.40 to 13.09% (Table 2 ).
The highest grain protein content (13.09%) was obtained at the highest N rate (120 kg N ha -1 ). Over all, grain protein content was found to increase with increasing N application rate. However, there were no differences in grain protein content at N rates of Where, P, MT and A indicate N application at planting, mid-tillering and anthesis, respectively; NS = non-significant; CD = critical difference. Variable means followed by the same letters are not significantly different ing compared to split N application up to anthesis were reported by Ayoub et al. (1995) and Brian et al. (2007) . The results showed that the Madda Walabu had significantly higher N uptake efficiency at the lower level of N. However, the varieties did not significantly differ in recovering the applied N at higher rates, i.e., 60, 90 and 120 kg N ha -1 . Corroborating these results, 
Effects of nitrogen
Nitrogen biomass production and utilization efficiencies
Analysis of variance for N biomass production efficiency (NBPE) indicated highly significant influence The result is in line with the reports by Moll et al. (1982) and Dhugga and Waines (1989) N use efficiency for grain yield (NUEGY) in response to the interaction effect of N rate and variety ranged from 11.57 kg kg -1 N for the highest N rate to 29.51 kg grain kg -1 N for the lowest rate (Table 5) . Where, P, MT and A indicate N application at planting, mid-tillering and anthesis, respectively; NS = non-significant; CD = critical difference. Variable means followed by the same letters are not significantly different (p ≤ 0.05) according to Duncan's Multiple Range Tests. Where, P, MT and A indicate N application at planting, mid-tillering and anthesis, respectively; NS = non-significant; CD = critical difference. Variable means followed by the same letters are not significantly different (1997) and Roberts (2008) who found significant decreases in NUEGY with increasing rates of N application. Furthermore, significant genetic variations for NUEGY were also reported by Moll et al. (1982) , Dhugga and Waines (1989) and Feil (1992) who reported that additional late N application during grain filling resulted in higher NUEPY.
Contributions of the component traits to NUE efficiency
The result indicated that, under all N application rates, the variation in NUPE explained most of the variation in NUEGY of both varieties in which the higher contributions were observed in the lowest rates. On the other hand, NBPE had little account for the variations in NUEGY of the varieties (Table   6 ). For Madda Walabu, application of 30 to 90 kg N ha -1 resulted in similar contribution of NUPE (58%) to the resultant NUEGY while the contribution at the Where, NUEGY = nitrogen use efficiency for grain yield; NUEPY = nitrogen use efficiency for protein yield; HI = harvest index; NBPE = nitrogen biomass production efficiency; NUPE = nitrogen uptake efficiency; GDW = grain dry weight; TDW = total dry weight; NS = nitrogen supplied; Nt= total plant nitrogen and GNY = grain nitrogen yield. Where, GY = grain yield; GPC = grain protein content; NUPE = N uptake efficiency; NBPE = N biomass production efficiency; NUTE = N utilization efficiency; NUEGY = N use efficiency for grain yield; NUEPY = N use efficiency for protein yield; NHI = N harvest index. NS, *, ** and *** = non-significant, significantly different at 5%, 1%, and 0.1%, respectively. 1986; Sinebo et al., 2004; Muurinen,2007) . The authors also reported positive correlations of the traits with the resultant N use efficiencies.
Associations between grain yield, protein content and NUE traits
Conclusions
Low available soil N and reduced plant NUE are some of the major constraints limiting wheat yield and pro- Generally the result indicated that N fertilizer rate and time of application markedly affected yield performance and N use efficiency of the improved variety.
